Introduction {#sec1}
============

The optical, catalytic, and magnetic properties of bulk materials of rare earth oxides (REO) have been applied commercially in optical displays, alternatives for catalytic converters, or as permanent magnets in disk drives.^[@ref1]−[@ref5]^ The current challenge for synthesizing nanomaterials with rare earth elements requires synthetic capabilities to achieve high crystallinity and monodispersity of the products. Heating at temperatures in the range of 900--1400 °C is necessary to produce crystalline REO nanomaterials.^[@ref6]^ The properties of REO materials greatly depend on achieving a high degree of crystallization for samples.^[@ref7]^ Wet chemistry approaches that are commonly used for preparing metal nanoparticles are not amenable for synthesis with such high temperatures. Methods such as postannealing to obtain crystallinity for nanomaterials tend to cause sintering of the nanoparticles, and capping agents used to control the shape and size may interfere with the desired catalytic or optical properties of the nanoparticles.^[@ref8],[@ref9]^ To address the limitations of solution-based methods, we have developed a surface-directed procedure for high-temperature synthesis, using nanopores within organic films as reaction containers. The matrix film provides a surface platform to spatially segregate small volumes of reagents, which is efficiently removed by calcination during heating steps.

At the microscale, the strategy of using a surface template to mold and form nanomaterials has previously been investigated for precipitation of salts and protein solutions. Surface arrangements of microcrystals of (KBr, KH~2~PO~4~, NaCl, KNO~3~, NaNO~3~, hydroquinone, and glycine) were prepared within micropatterned photoresists by Thalladi et al.^[@ref10]^ Micropatterned wells prepared by photolithography were functionalized with thiol chemistry for the crystallization of proteins by Wang et al.^[@ref11]^ Crystals of calcite were grown within micropatterned self-assembled monolayers (SAMs) prepared by microcontact printing by Aizenburg et al.^[@ref12]^ Using templates prepared with microcontact printing of SAMs, magnetic nanoparticles (cobalt, nickel, ferrites) ranging from 70 to 460 nm in size were prepared on silicon substrates from nitrate salt deposits after heating to 600 °C, demonstrated by Zhong et al.^[@ref13]^ Defined arrangements of magnetic colloids were prepared at the micron scale on glass surfaces by Lyles et al. using a process of polymer-on-polymer stamping with microcontact printing.^[@ref14]^ Arrays of gold nanoparticles were fabricated on ITO substrates using a method that combined nanoimprint lithography with electrochemical deposition by Ma et al.^[@ref15]^ The crystals produced with methods of photolithography and microcontact printing have the additional advantage of being prepared with well-defined arrangements on surfaces.

Nanoscale patterning of SAMs can be accomplished with particle lithography without using manufactured molds or masks prepared with electron beams to achieve small features.^[@ref16]−[@ref18]^ Particle lithography can be used to prepare surface molds of SAMs to define sites for the deposition of nanomaterials and to provide spatial separation during subsequent steps of drying or heating. The photoluminescent properties of NaYF~4~:Yb,Er rare earth nanoparticles prepared using particle lithography to generate periodically arranged rings of nanoparticles was investigated by Mullen et al.^[@ref19]^ Nanorings of *n*-octadecyltrichlorosilane (OTS) were used as sites to nucleate nanoparticles of small organic molecules such as *n*-docosane, aspirin, and clarithromycin prepared using particle lithography by Wang et al.^[@ref20]^

Erbium-doped yttrium oxide nanoparticles have interesting luminescent properties such as intense cathodoluminescence and photoluminescence.^[@ref7],[@ref21]^ Nanomaterials of yttrium oxide doped with rare earth elements have been prepared by flame spray pyrolysis (Eu:Y~2~O~3~),^[@ref7]^ thermal decomposition of a polymeric resin,^[@ref22]^ atomic layer deposition,^[@ref23]^ gas-phase condensation,^[@ref24]^ flux,^[@ref25]^ combustion,^[@ref26]−[@ref28]^ solvothermal^[@ref29]^ and hydrothermal methods,^[@ref30]−[@ref36]^ alkalide reduction,^[@ref37]^ solution-based sol--gel processes,^[@ref38]^ emulsion techniques,^[@ref39]−[@ref41]^ precipitation,^[@ref42]−[@ref44]^ and electrochemical^[@ref45]^ methods. Preparation of Y~2~O~3~:Eu^3+^ nanowires using a template of anodized aluminum oxide that was heated to 800 °C was reported by Zhang et al.^[@ref44]^ Ordered arrays of Y~2~O~3~:Eu^3+^ nanotubes were prepared in anodic alumina membranes by a method of electronic field-assisted deposition.^[@ref46]^

In this report, nanopores within organosilane self-assembled monolayers (SAMs) that were prepared using particle lithography were used as containers for the surface-directed synthesis of erbium-doped yttrium oxide nanoparticles at high temperatures. The sacrificial surface mold of octadecyltrichlorosilane (OTS) was used to define the deposition of precipitates of rare earth salts from solution as a means to control the size, dispersity and surface density. Successive heating steps were used to crystallize the rare earth oxide (REO) deposits as well as to remove the OTS resist. Our goal was to produce spatially separated nanoparticles of erbium-doped yttrium oxide with a periodicity defined by surface masks of silica mesospheres. Micropatterns that were prepared by capillary filling of polydimethylsiloxane (PDMS) molds provided an approach to optimize the heating protocol for converting yttrium salt precipitates into yttrium oxide. The analysis of sample morphologies, surface density and periodicity was accomplished with atomic force microscopy (AFM).

Experimental Section {#sec2}
====================

Preparation of Yttrium Precursor Solution {#sec2.1}
-----------------------------------------

A rare earth salt solution comprising yttrium trichloroacetic acid was prepared according to a previously published procedure.^[@ref47]^ Yttria powder (15 mmol) was dissolved in concentrated nitric acid (100 mL) by heating to 80 °C. After the solid had dissolved, the salt solution was cooled to room temperature. Yttrium hydroxide was then precipitated from solution by adding NH~4~OH until basic. The precipitate was isolated by vacuum filtration, washed several times with cold deionized water, and air-dried. A solution of yttrium trichloroacetic acid was prepared by dissolving the hydroxide precipitate in a 25% trichloroacetic acid solution. Just enough of the acid was added to dissolve the precipitate to make a saturated solution of the salt. A second solution was prepared at half of the concentration of the original solution to study the effect of concentration on the size of the nanoparticles.

Micropatterns Prepared by Capillary Filling of PDMS molds {#sec2.2}
---------------------------------------------------------

Micrometer-scale patterns of Y~2~O~3~ were fabricated to provide surface structures for XRD characterizations. Microline patterns of yttrium oxide were prepared from the saturated yttrium salt solution to optimize the heating parameters for yttria synthesis. The method of capillary filling of PDMS molds has been previously demonstrated with solutions of proteins.^[@ref48]−[@ref50]^ The capillary filling of microchannels of PDMS molds is also suitable for directing the placement of salt solutions on flat surfaces. Detailed steps for the procedure of capillary filling of PDMS molds are provided in the [Supporting Information](#notes-1){ref-type="notes"}, Figure S1.

Nanoparticles of Er-doped Y~2~O~3~ {#sec2.3}
----------------------------------

The procedure for preparing nanoparticles of erbium-doped yttria on a silicon surface is outlined in Figure [1](#fig1){ref-type="fig"}. Octadecyltrichlorosilane (OTS) molecules were deposited on a silicon substrate using immersion particle lithography to form nanopores (Figure [1](#fig1){ref-type="fig"}a), as previously reported.^[@ref18]^ The nanoscopic reaction vessels were then immersed into a precursor solution of yttrium trichloroacetate doped with erbium cations (3%) for up to 3 h. The sample was removed slowly from the solution at a 90° angle to selectively fill the nanopores.^[@ref51]^ Upon drying, a tiny precipitate formed within each zeptoliter reaction vessel (Figure [1](#fig1){ref-type="fig"}b). The sample was then heated at 150 °C to decompose the acetate to form Y~2~(CO~3~)~3~ doped with 3% erbium. The temperature was then increased to 800 °C for 8 h for removal of CO~2~ to produce nanosized rare earth oxides (Figure [1](#fig1){ref-type="fig"}c). The same heating protocol developed for synthesis of micropatterns was used for preparing nanoparticles.

![Basic steps to prepare a surface array of REO nanoparticles. (a) Sacrificial template of organosilane nanopores prepared by particle lithography. (b) Nanopores were filled with a precursor solution of yttrium and erbium salts and dried. (c) Organosilane template was removed by heating to produce erbium-doped yttria nanoparticles.](am-2014-03571z_0002){#fig1}

Results and Discussion {#sec3}
======================

Microline Patterns of Yttrium Oxide {#sec3.1}
-----------------------------------

The capillary filling approach for surface patterning was used successfully to prepare microparticles with an aligned arrangement as shown in Figure [2](#fig2){ref-type="fig"}. The microstructures formed in line patterns were used to evaluate and optimize synthetic conditions (temperature, duration of heating and atmosphere requirements). The rectangular area of parallel lines indicates the region where the PDMS mold was placed, shown in the scanning electron micrographs in Figure [2](#fig2){ref-type="fig"}. The overall area of Si(111) that was covered by the PDMS stamp is shown in Figure [2](#fig2){ref-type="fig"}a. The dark square in the center of the image is the area where the PDMS mold was placed on top of the silicon wafer, and the buildup of material on either side of the square indicates where the drops of liquid were placed on the substrate for capillary filling. Within the square area, microline patterns were formed. When a drop of the liquid precursor solution was placed at the edge of the stamp, capillary forces drew the rare earth salt solution into the microchannels. As the sample dried, the salts formed line patterns of precipitates inside the channels, the remainder of the solution outside the PDMS stamp precipitated at the edge. After drying, the stamp was removed and the sample was heated to 800 °C to convert the yttrium salt to yttrium oxide. Microparticles that were produced within the channels after heating are shown in Figure [2](#fig2){ref-type="fig"}b. The elongated shape of the microparticles is produced by the edges of the PDMS channels. Some of the particles reveal a coalescence of two particles within the microchannels to produce larger microparticles. Additional views of the microparticles acquired with AFM are shown in Figure S2 of the [Supporting Information](#notes-1){ref-type="notes"}.

![Microline surface structures of yttrium oxide prepared using capillary filling of PDMS molds shown with electron micrographs after calcination. (a) Microlines of yttrium oxide produced after heating. (b) Close-up view of the microparticles formed inside the PDMS mold.](am-2014-03571z_0003){#fig2}

There are several advantages for the strategy of microfluidic filling of PDMS molds. Small volumes (less than 10 μL) of dilute reagent solutions can be used to pattern samples (1 × 1 cm^2^). Also, the PDMS molds can be washed and recycled for preparing replicate samples. The simple steps for micropatterning require little time for preparation, so that multiple samples can be prepared for tuning heating parameters. Changes of the temperature, ramping steps, duration, and cooling for heating the precursor samples will alter the crystallization process and influence the shape (primary face growth), crystallinity and orientation. The heating step also provides a means to remove impurities. These factors become more significant as the dimensions are reduced to progressively smaller dimensions at the scale of nanometers.

Preparation and Analysis of Bulk Y~2~O~3~:Er {#sec3.2}
--------------------------------------------

Powder X-ray diffraction and fluorescence measurements were done with a bulk sample of Y~2~O~3~:Er prepared in the same way as the nanoparticles, due to the inherent difficulty of analyzing trace quantities of nanoparticles. A precursor solution of erbium-doped yttrium trichloroacetate was dehydrated at 100 °C. The sample was then exposed to the same heat treatment used to form the nanoparticles (300 °C for 3 h followed by 800 °C for 8 h) producing a bulk sample of Y~2~O~3~:Er.

Powder X-ray diffraction data was collected with a Rigaku Ultima IV diffractometer with a Cu Kα source (λ = 1.54056 Å) and a DTex detector. The diffraction pattern for the erbium-doped yttrium trichloroacetate precursor before and after heating is shown in Figure [3](#fig3){ref-type="fig"}. After heating, the diffraction pattern indexes to the calculated pattern for Y~2~O~3~. The sharp diffraction peaks indicate that the 800 °C heat treatment was sufficient to form highly crystalline Y~2~O~3~:Er from erbium-doped yttrium trichloroacetate.

![After heating the sample, yttrium oxide was formed. Powder X-ray diffraction spectra of erbium-doped yttrium trichloroacetate precursor (bottom) and the post-heat treatment Y~2~O~3~:Er (top).](am-2014-03571z_0004){#fig3}

To confirm the erbium doping of the Y~2~O~3~ sample, fluorescence measurements were conducted with a PerkinElmer LS 55 fluorescence spectrometer, shown in Figure [4](#fig4){ref-type="fig"}. The fluorescence emission spectra (Ex = 384 nm) displays the four emissions (521, 535, 549, and 559 nm) typical of Y~2~O~3~:Er due to the ^4^S~3/2~ → ^4^I^15/2^ transition in Er^3+^, which is consistent with previously published spectra.^[@ref52]^

![Emission spectrum of the bulk sample revealing the four characteristic transitions of Er^3+^. (a) Fluorescence excitation spectrum (Em = 559 nm) and (b) emission spectrum (Ex = 384 nm).](am-2014-03571z_0005){#fig4}

Zeptoliter Reaction Vessels {#sec3.3}
---------------------------

For our approach based on particle lithography, a surface mask of silica mesospheres was used to define the surface coverage of organosilane resists. Monodisperse spherical particles self-assemble on flat surfaces to form periodic structures with designed dimensions and interparticle spacing, which provide a surface mask to define the sites for depositing organosilanes. With particle lithography, billions of nanostructures can be prepared on surfaces with relatively few defects and high reproducibility using basic steps of bench chemistry (mixing, centrifuging, heating, and drying). Silica mesoparticles with a diameter of 500 nm were used to prepare the organosilane nanopores shown in Figure [5](#fig5){ref-type="fig"}. Measurements with AFM reveal that the spacing between the nanopores measures 505 ± 35 nm, which closely matches the diameter of the silica mesoparticles used as surface masks. The depth of the nanopores measured 1.4 ± 0.1 nm. The long-range order and periodicity of the nanopores formed on a silicon surface is evident in a representative topography view in Figure [5](#fig5){ref-type="fig"}a. A map of the differences in chemistry between the methyl-terminated OTS film and areas exposed on the silicon substrate is shown with the simultaneously acquired lateral force image of Figure [5](#fig5){ref-type="fig"}b. The diameter of the exposed sites of the substrate measured 90 ± 12 nm (*n* = 75), based on measurements from the lateral force frames. At the nanoscale, there are imperfections in the shapes of the nanopores (Figure [5](#fig5){ref-type="fig"}b). A close-up view of the shapes and sizes of the nanopores is presented in Figure [5](#fig5){ref-type="fig"}c. Details for a single nanopore are shown in Figure [5](#fig5){ref-type="fig"}d (200 × 200 nm^2^). Each nanopore was used as a reaction vessel to synthesize individual nanoparticles. Based on size measurements with AFM, the volume of a nanopore measures 1 × 10^--21^ L.

The arrangement and spacing between nanoparticles is determined by the diameter of the silica particles used to fabricate the mask. The surface density of the patterned nanopores can be changed by choosing the diameter of the mesosphere mask. The height of the nanopores is determined by the thickness of the OTS film, which has an expected height of 2.6 nm for a densely pack film.^[@ref53],[@ref54]^ The nature of the substrate, solvent, concentration, temperature and immersion parameters must be optimized to achieve thicker films of OTS.^[@ref55]^ Imperfections at the nanoscale influence the volume of the nanopore reaction vessels. The size, geometry, and dispersity of the synthesized yttria nanoparticles will accordingly be influenced by the flaws in the substrate.

![Nanopores within an OTS film produced with immersion particle lithography on Si(111). (a) Contact-mode topograph acquired in air; (b) concurrently acquired lateral force frame for a. (c) zoom-in view; (d) single nanopore within a 200 × 200 nm^2^ topography frame.](am-2014-03571z_0006){#fig5}

In the next step, the OTS nanopores were filled with the solution of precursor salt. The methyl-terminated film of OTS provided a resist to prevent nonspecific adsorption in areas surrounding the nanopores. After the sample was dried, precipitates formed inside the nanopores (Figure [6](#fig6){ref-type="fig"}). A small bright dot can be detected within each nanopore surrounded by a protective matrix film of OTS. The surface of OTS surrounding the deposits is slightly rougher, indicating that small residues of the precursor salts persist on the matrix. Nanocrystals are readily identified within the nanopores from the representative height profiles in Figure [6](#fig6){ref-type="fig"}b. A small hill was formed in the center of each nanopore where the dried salt residues formed a deposit. A single reaction vessel filled with a precipitate of yttria trichloroacetic acid is shown in Figure [6](#fig6){ref-type="fig"}c. The edges of the OTS nanopores define a clear boundary surrounding the deposited salt. The height of the nanodeposits within the nanopores measured 1.4 ± 0.4 nm, however the baselines at the edges of the nanostructures that were used for AFM cursor measurements likely did not reach the substrate. The areas surrounding the deposits may be partially filled with salts.

![Zeptoliter vessels that were filled with rare earth precursor solution and dried. (a) Contact-mode topograph acquired in air; (b) height profile for the cursor lines in a. (c) Magnified view of a single salt deposit (200 × 200 nm^2^).](am-2014-03571z_0007){#fig6}

Within the representative AFM views of Figure [6](#fig6){ref-type="fig"}, the OTS film was an effective resist for preventing attachment of the salts in areas surrounding the nanopores. The nanopores with OTS were filled with the salt solution and the periodic arrangement enables isolation to prevent aggregation when the sample is heated at high temperature. A similarly prepared sample was made using an organosilane terminated with polyethylene glycol groups. The PEG-silane film was not an effective resist for depositing precursor salts; the sample showed deposits located on areas throughout the sample.

The sample of dried salt deposits shown in Figure [6](#fig6){ref-type="fig"} was heated to 800 °C to produce an array of well-defined nanoparticles on Si(111). During the heating steps, the salt mixture is restructured into nanocrystals of erbium-doped yttria (Figure [7](#fig7){ref-type="fig"}). At high temperatures, the organic film of OTS was removed by calcination. The spacing between the nanoparticles measured 490 ± 37 nm, which corresponds to the diameter of the silica mesospheres used as a surface mask. The example of Figure [7](#fig7){ref-type="fig"} is representative of the high-throughput capabilities of particle lithography for patterning and arranging nanomaterials. Within the 7 × 7 μm^2^ view there are ∼140 nanoparticles, which scales to a surface density of 1 × 10^8^ nanoparticles per cm^2^. There appears to be small residues in a few areas between the nanoparticles, which most likely are residual salts that attached to OTS. The corresponding FFT of the AFM topography image is presented in the inset of Figure [7](#fig7){ref-type="fig"}a, and reflects the periodicity of the sample. Height measurements of four nanoparticles are shown in Figure [7](#fig7){ref-type="fig"}b. The nanoparticles range in height from 1 to 4 nm, with the average height measuring 3.8 ± 1.1 nm (*n* = 66). A single nanoparticle is shown in Figure [7](#fig7){ref-type="fig"}c, evidencing clean removal of the OTS film. To test the effect of increased soaking time, another sample was prepared in which the OTS nanopores were immersed for 3 h in the saturated solution (see the [Supporting Information](#notes-1){ref-type="notes"}, Figure S3). After heating, the height of nanoparticles prepared with longer immersion measured 3.1 ± 0.9 nm (*n* = 86). Because there was no apparent increase in the size of nanoparticles, we concluded that 1 h of immersion was sufficient for filling the nanopores.

![Surface arrangement of erbium-doped Y~2~O~3~ nanoparticles produced by heating. (a) Topography image acquired with tapping-mode AFM in air. The inset is the corresponding FFT. (b) Height profile for the white line in a. (c) Magnified topography view (200 × 200 nm^2^) of an individual nanoparticle.](am-2014-03571z_0008){#fig7}

The heating process provides a means to obtain the desired product and remove organic contaminants. During heating, the yttrium salt deposited within the nanopores was converted to yttrium oxide according to the XRD characterizations of a bulk sample prepared under identical heating conditions (Figure [3](#fig3){ref-type="fig"}). When samples are heated to high temperatures, there is a possibility of sintering and aggregation of the deposits. The OTS film prevented aggregation of the nanoparticles during the heating step and was removed completely by calcination at high temperatures. An OTS SAM has been reported to degrade at temperatures starting at 200 °C and is no longer evident at temperatures of ∼480 °C according to thermogravimetric analysis.^[@ref56]^ The nature of the substrate is an important consideration for surface-directed synthesis, polished silicon wafers were used in this example. Organosilane SAMs provide flexibility for using substrates such as glass, indium tin oxide, quartz or silicon wafers, which can sustain synthetic steps at high temperatures.

The effect of the salt concentrations in the rare earth solution was tested to evaluate changes in nanoparticle size using a 50% reduction in concentration (see the [Supporting Information](#notes-1){ref-type="notes"}, Figure S3). After soaking for 1 h at 0.05 M concentration, we were unable to locate nanoparticles on the silicon substrate. However, nanoparticles were produced when the immersion time was increased to 3 h. The average height of the nanoparticles produced with lower salt concentration measured 0.5 ± 0.1 nm (*n* = 27). At reduced concentration, the sizes of the nanoparticles were much smaller than those prepared from the saturated solution, using the same platform and dimensions of OTS nanopores as reaction vessels. We are currently investigating the potential of other resist films to use for high temperature synthesis of REO nanoparticles. We anticipate that surface designs with deeper pores will produce larger nanoparticles.

The proximity of neighboring nanoparticles can influence surface properties according to the distance or spacing between adjacent materials. Patterning inorganic materials by surface-templated reactions on small regions of a surface is not a conventional approach for inorganic synthesis. Factors such as dilution, contamination, and reproducibility become increasingly significant as the dimensions are reduced. As the spacing between reaction vessels becomes smaller it is possible that aggregation could occur. Future directions for surface-directed synthesis of REO nanomaterials will evaluate if there are spatial limits for the spacing between nanopores. The surface-directed strategy can be extended to other REO and oxide nanoparticles which require processing at high temperatures to effect crystallization. Designed surface arrangements with periodic spacing will facilitate measurements with individual, discrete crystals with defined surface density and arrangements. In future studies, the catalytic, magnetic, and photophysical properties of the arrays of nanoparticles will be examined as a function of nanoparticle size using scanning probe microscopies and surface spectroscopies.

Conclusions {#sec4}
===========

We have developed approaches for surface-directed synthesis to prepare microstructures and nanostructures of REO materials. Conventional wet chemistry approaches are not suitable for preparing nanoparticles of rare earth oxides because relatively high temperatures are required that exceed the typical range of boiling solvents. Microstructures were used to evaluate and optimize synthetic conditions for advancing to smaller nanostructures, (e.g., temperature, duration of heating and atmosphere requirements). With particle lithography, nanopores within an organosilane matrix film were generated from a mask of monodisperse silica beads on Si(111). The nanopores were used as zeptoliter-sized reaction vessels to define the sites for surface-directed synthesis. The nanostructured film of organosilanes provided a sacrificial template, which is destroyed when surfaces are heated to high temperatures. However, the arrangement of inorganic deposits persists after heating, and becomes restructured into crystalline nanomaterials. Small volumes of dilute solutions were used to synthesize nanoparticles over areas spanning several centimeters. Because the approach is based on surface masks of mesospheres, the erbium-doped yttria nanoparticles were synthesized to yield well-defined arrangements conforming to the periodic packing of silica beads.

Additional figures and information. This material is available free of charge via the Internet at <http://pubs.acs.org>.
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